The C-type lectin receptor CLEC-2 signals through a pathway that is critically dependent on the tyrosine kinase Syk. We show that homozygous loss of either protein results in defects in brain vascular and lymphatic development, lung inflation and perinatal lethality.
Introduction
Recently, several mutant mouse models have shown a defect in the separation of the lymphatic vasculature from the blood vasculature typically resulting in the appearance of blood-filled lymphatic vessels in the skin at embryonic day (E) 14.5 (for Review: see Tammela and Alitalo  1 ) . Mice deficient in the tyrosine kinase Syk show this phenotype during gestation and die around the time of birth. [2] [3] [4] A similar defect is found in mice deficient in the adapter protein SLP76 (Lcp2) 4 or in PLCγ2 5 , which play vital roles downstream of Syk in
Immunoreceptor Tyrosine-based Activation Motif (ITAM) and integrin signalling cascades, providing circumstantial evidence that the Syk-SLP76-PLCγ2 pathway is required for normal lymphatic development.
The C-type lectin-like protein type 2 (CLEC-2, encoded by the Clec1b gene) is highly expressed on platelets and at lower levels on other haematopoietic cells [6] [7] [8] [9] and signals through a cytosolic YxxL (single amino acid code) sequence known as a hemITAM. 10, 11 This family of These receptors signal through a similar pathway to that used by ITAM receptors which have a dual YxxL/I sequence. HemITAM receptors activate Syk initiating a signalling cascade partially dependent on SLP76 that leads to activation of PLCγ2. 6, 12, 13 The role of CLEC-2 in haemostasis and thrombosis is debateable as some lines of evidence suggest that it is required 14, 15 and others show that it has no significant involvement in these processes. 16 CLEC-2 has recently been recognised as a receptor for the sialic-rich transmembrane protein Podoplanin. 17, 18 Podoplanin is expressed on lymphatic endothelial cells (LECs), lung type-1 alveolar cells and kidney podocytes although it is but not expressed in blood endothelial cells (BECs). Podoplanin-deficient mice die shortly after birth due to an inability to inflate their lungs and, like Syk-deficient mice, show dilated, tortuous blood-filled lymphatics in midgestation. 19, 20 A similar phenotype is seen in mice lacking megakaryocytes/platelets. 21 A series of recent studies has shown that deletion of CLEC-2 also resulted in blood-filled lymphatics and vascular defects in mid-gestation and in perinatal lethality in the vast majority of offspring. 15, 16, 22, 23 Furthermore, the same phenotype was observed following the targeted disruption of SLP76 in the megakaryocyte/platelet lineage by crossing SLP76 fl/fl mice to PF4-Cre transgenic mice 22 , although this strategy also induces a limited excision in a subpopulation of other haematopoietic cells. 24 Furthermore, it should also be noted is notable that CLEC-2 signalling is not fully partially dependent upon this adaptor protein and constitutive SLP76-deficient mice are viable in contrast to CLEC-2-deficient mice. 4, 6 Taken
Together these studies indicated that separation of the lymphatics from blood vessels requires Podoplanin and CLEC-2 signalling.
These data support a model in which Syk and SLP76-dependent platelet activation of platelets through engagement of CLEC-2 by Podoplanin (presumably on LECs) is essential for separation of LECs from the cardinal vein in mid-gestation. On the other hand However, these studies do not address whether other cells contribute to this phenotype, as both CLEC-2
and Syk are expressed elsewhere in the haematopoietic system. 9, 25 Moreover, it has been suggested that defective lymphatics in Syk-and SLP76-deficient mice may be caused by loss of key functions for both proteins in endothelial precursors. 26 Another proposal is that the lymphatic defect in Syk-deficient mice may be due to loss of the kinase in macrophages. 27 Further, None of these studies however, provide an insight into the underlying mechanism by which platelets contribute to the normal development of lymphatics and do not explain the high level of perinatal morbidity of CLEC-2-and Syk-deficient mice.
In order to investigate the role of CLEC-2 and Syk in the development of the embryo, we analysed mice constitutively deficient in CLEC-2 (Clec1b -/-) and Syk (Syk -/-) throughout gestation and compared these to mice with a selective deletion of Clec1b CLEC-2 and Syk in several cell lineages. We have also investigated the effects on of platelets on LEC behaviour in vitro.
MATERIALS AND METHODS

Mouse strains
All animal experimentation was performed in accordance with UK Home Office Regulations.
CLEC-2-deficient mice (Clec1b -/-) and radiation chimeras reconstituted with Clec1b -/-foetal liver cells have been previously described. 16 32 Genotyping of all colonies was performed via PCR using genomic DNA isolated from tail/ear tissue with primers sets listed in supplementary Table 1 .
Histological analyses
Time-mated females (day of plug=E0.5), and embryos were culled by Schedule 1 procedures.
P0 lungs were inflated with 50μl of PBS and fixed in 10% NBF overnight, as were E12.5
heads. And All tissues were processed to 5μm paraffin sections stained with H&E. P0 lung sections were stained for Podoplanin (Angiobio) localisation with visualisation using the Vectastain ABC kit (Vector Laboratories) and counterstained with Harris' Haematoxylin (Sigma-Aldrich), dehydrated and mounted using Vectamount (Vector Laboratories).
Isolation of cells
Mesenteric vessels and intestine were disaggregated by incubation in 2.5mg/ml collagenase/dispase (Roche), 100μg/ml DNase I (Sigma-Aldrich) in RF10 media at 37°C for 30minutes. Lungs were disaggregated mechanically and digested in sequential incubations (45minutes and 20minutes) with 2.5mg/ml collagenase D, 0.2mg/ml DNase I and 2.5mg/ml collagenase dispase, 100μg/ml DNase I in 2% FCS RPMI media at 37°C. Several triturations by pipetting were performed to obtain Single-cell suspensions were obtained by pipetting.
Final incubation was in 5mM EDTA for 5 minutes at 37°C before the suspension was filtered through 40μm cell strainers. Cells were then washed and re-suspended in MACS buffer for staining.
Flow cytometry
The following antibodies were used for flow cytometry: CD31-FITC clone 390, gp38/Podoplanin-PE clone eBio8. 
FITC-dextran injection
For all studies FITC-dextran (150kDa, Sigma-Aldrich) was used at a concentration of 25 mg/ml in PBS. For kinetic studies on Clec1b fl/fl animals, the mice were anaesthetised using and mesenteric circulation was visualised using brightfield microscopy (Olympus BX-061WI). Recording at 50 msec intervals using Slidebook 5 (Intelligent Imaging Innovations)
was started approximately 20-30 seconds prior to FITC-dextran infusion via a carotid cannula. After infusion of FITC-dextran via the carotid cannula, Flow through the mesenteryic vessels were was recorded for at least 3 minutes. The mouse was euthanized at the end of the experiment. Studies on Syk fl/fl animals were performed by injecting FITCdextran (150µl) into the left ventricle of the heart immediately after cervical dislocation.
immediately after cervical dislocation, FITC-dextran (150μl) was injected into the left ventricle of the heart. After waiting 60seconds the intestine and mesentery was visualised using Zeiss Stemi SV11 microscope equipped with a Hamamatsu C4742 camera on Openlab software, v4 (Perkin-Elmer, Cambridge, UK).
Lymphatic endothelial cell transmigration and network formation assays
The effect of platelet expressed CLEC-2 on LEC migration was assessed using the transfilter assay. Cell culture polyethylene terephthalate inserts (BD Biosciences) with 8µm pores were placed in 24-well plates, and complete growth medium MV2 (Promocell) containing 350ng/ml VEGF-C (R&D Systems) in the lower wells. The effect of platelets on network formation was evaluated 3 hours after application of platelets (5 hours after endothelial cell seeding) using an inverted microscope (Olympus) at 4X magnification. Total tube length in the resulting images (5 different fields/well) was blindly quantified using ImageJ software 34 .
Statistical analyses
Numbers of mice obtained from transgenic lines were subjected to Chi-squared test. Ratio of LEC to BEC assay numbers are is presented as the mean±sem. Transmigration and tube forming assay numbers are presented as mean±sd. All data were tested using two-tailed unpaired t-tests in GraphPad Prism Software and differences were considered significant when p≤0.05.
Results
CLEC-2-deficient mice show hallmarks of defective lymphatic development and function
At time points Up to P0, the number of Clec1b -/-offspring from Clec1b +/-timed matings was at Mendelian frequency (Table 1 ). In contrast, only 3 Clec1b -/-offspring survived beyond P10 from a total of 205 offspring. These three pups survived less than 30 days postpartum and had to be euthanized due to their deteriorating condition. These results are similar to those described for other constitutive Clec1b -/-models.
15,22,23
Clec1b -/-embryos showed numerous, blood-filled vessels in the skin, confirmed to be lymphatic in origin by expression of LYVE-1, from E14.5-E18.5 with no evidence of this prior to E14.5. Clec1b (Fig3C and D) . These haemorrhages were never seen in wildtype embryos (n≥15 for each colony, Fig3A and B). These haemorrhages are persistent throughout development as they were noted in embryos at E14.5, E16.5 and E18.5 (not shown). Thus both CLEC-2 and Syk are required for the integrity of the brain vasculature.
CLEC-2 is required in the haematopoietic lineage for normal lymphatic integrity
In order To investigate if whether CLEC-2 was required in adult mice for normal lymphatic vessel integrity, we reconstituted the haematopoietic system of irradiated mice with wild-type or Clec1b -/-foetal liver cells as previously published 16 . , CLEC-2 was required in haematopoietic cells for the integrity of lymphatic vessels. Interestingly, 12 weeks after reconstitution with Clec1b -/-foetal liver cells, 2 out of 6 chimeras died, and the remaining 4 had to be were euthanized due to deteriorating health. Bloody fluid was found in the chest cavity of these mice (4 out of 6) upon autopsy. In contrast, all chimeras reconstituted with wild-type foetal liver cells were healthy 12 weeks post reconstitution (n=8). As radiation is known to cause gastrointestinal syndrome 35 it is not readily possible to compare the severity of this phenotype with the phenotypes seen in adult mice produced by genetic approaches.
Megakaryocyte/platelet-specific ablation of CLEC-2 and Syk
In Vav-iCre mice surviving to adulthood (Table 2 ). Thus Syk is required within the haematopoietic system for normal lymphatic development. In contrast, deletion of Syk in endothelial cells using Tie1-Cre caused no detectable lymphatic phenotype during gestation (not shown) and no lethality ( Vav-iCre mice strongly suggesting that Syk was required in megakaryocytes and/or platelets for normal lymphatic development.
To Extending this analysis to the lineage-specific requirement for CLEC-2, we generated a 
Platelet effects on lymphatic endothelial cell behaviour are modulated by CLEC-2 and Syk
HLECs have been previously shown to induce aggregation of human platelets. 17 Similarly,
HLECs also cause aggregation of wild-type mouse platelets. This response was abrogated in
Clec1b
-/-mouse platelets, indicating that aggregation requires binding of Podoplanin on the HLECs to CLEC-2 on platelets (supplementary Fig6A). In contrast, the effects of platelets on the behaviour of LECs behaviour are unknown. Migration of LECs migration plays a critical role in lymphangiogenesis. Therefore, to identify a potential mechanism by which platelets are modulate lymphatic vasculature formation, we assessed the effect of platelets on LEC migration using a transfilter assay. 36 The presence of wild-type, Clec1b Another explanation for the milder phenotype in the conditional mutants is that Clec1b and Syk undergo partial deletion in platelets formed by primitive rather than relative to those formed by definitive haematopoiesis. Primitive haematopoiesis originates in the yolk sac at E6.5 with megakaryocyte/erythroid progenitors detected at E7.5 and yolk-sac derived platelets appearing at E9.5. [37] [38] [39] Megakaryocytes derived through primitive haematopoiesis have a lower ploidy level than those in foetal liver or bone marrow, while their platelets are larger. Further, under culture conditions, platelets are generated more rapidly from primitive haematopoiesis relative to definitive haematopoiesis. Thus, although PF4 has been shown to be expressed during primitive haematopoiesis 37 , it is possible that the more rapid formation of platelets enables residual levels of CLEC-2 and Syk to be expressed. The relative contribution of primitive and definitive haematopoiesis to lymphatic development is an important area for further investigation.
The present study reports that the majority of constitutive CLEC-2 and Syk-deficient mice die shortly after birth. The lungs in the two mouse lines these mice fail to inflate normally and fluid is present in the larger airways. , whereas neither feature is present in litter-mate controls. The few mice that survive for at least a few hours have marked difficulties in breathing. A similar pathology is seen in Podoplanin-deficient mice where the majority of mice die within a few minutes of birth and have lungs lacking inflated airspaces. 40 As it appears that alveolar formation is disrupted in the constitutive CLEC-2 and Syk-deficient mice, Podoplanin-expressing alveolar type-1 cells could be particularly affected by the absence of these proteins. in this model.
The disruption of lymphatic development which impacts lymphatic function is a potential
cause of the fluid in the large airways of the Clec1b -/-and Syk -/-lungs and ultimately of their failure to inflate. During development, the airway epithelium secretes fluid into the lumen of the lung which influences it's the branching dynamics and morphology of the lung. 41 This liquid must be cleared at birth and a large portion (~40%) of the clearance of this fluid is due to flow through lung lymphatics. 42 The viability and apparently normal patency of the lungs in Clec1b fl/fl PF4-Cre and Syk fl/fl PF4-Cre mice could be due to a reduced severity of the lymphatic phenotype, which could allow lung drainage and therefore expansion to occur take place. However, it is also possible that megakaryocyte/platelet-expressed CLEC-2 and Syk are only partially involved or not involved in the lung defect and that, unlike the lymphatic defect, the lung pathology is the result of loss of these proteins in another cell type.
Preceding the appearance of blood-filled lymphatics Monitoring of the developmental progression of the phenotype in CLEC-2-and Syk-deficient embryos demonstrated haemorrhaging in the mid-and hind-brain of Clec1b -/-and Syk -/-embryos at E12.5, preceding the appearance of blood-filled lymphatics. In Clec1b -/-embryos, blood was detected in at least one ventricle while in Syk -/-embryos it was restricted to the parenchyma. These haemorrhagic foci persist throughout gestation. Tang The haemorrhaging in the brain cannot be due to a defective in lymphatic function as this system is absent from the CNS central nervous system. On the other hand, the choroid plexus, which is responsible for the secretion of cerebrospinal fluid (CSF) 43 , expresses Podoplanin during development. 44 The Podoplanin-expressing epithelial cells of the choroid plexus form a barrier between the blood and the CSF which is distinct from the endothelial structure of the blood-brain barrier. Choroid plexus can be readily identified in histological sections of embryos at day 12.5-13 of development in the fourth and lateral ventricles 45 There is considerable evidence of a role for Podoplanin in regulating cell migration.
Podoplanin upregulation in cancer cells is associated with altered actin cytoskeleton reorganization and increased tumour cell migration and invasiveness. 46 Similarly, in lung microvascular LECs, siRNA-mediated Podoplanin knockdown causes a dramatic reduction in directional migration 47 and abrogated formation of capillary tubes on Matrigel. 48 These effects appear to be independent of ligand engagement and may reflect constitutive signalling from Podoplanin. Thus, changes in Podoplanin regulated migration of LECs as a consequence of interaction with CLEC-2 and Syk-dependent platelet activation could lead to altered lymphangiogenesis. It has been shown that LECs can activate platelets in a SLP76 22 and CLEC-2 dependent manner. However CLEC-2 signalling is not wholly dependent upon this adaptor protein 6 and therefore the role for CLEC-2 and Syk in the platelet/LEC
relationship has yet to be fully elucidated.
In the present study, We have shown that platelets decrease VEGF-C-stimulated HLEC migration through a pathway that is partially dependent on CLEC-2 and Syk raising the In summary, using several unique lineage-specific deletion mouse models, this study shows the critical role of platelet CLEC-2 and Syk in lymphangiogenesis and in the development of the brain vasculature and demonstrates that platelets directly influence LEC migration and formation of junctions through a CLEC-2 and Syk-dependent process. 
